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l. General remarks:

NMR spectra were obtained using a 300, 500, or 600 MHz NMR spectrometers
(VARIAN INOVA). Chemical shifts are reported in parts per million (ppm) and are
referenced using the residual 'H peak from the deuterated solvent. For HRMS (ESI)
analysis, a Waters 2795 (Alliance HT) instrument was used and referenced against
Polyethylene Glycol (PEG-400-600).

Column chromatography was performed using Silicycle 60 A, 35-75 pym silica
gel. Pre-coated 0.25 mm thick silica gel 60 F254 plates were used for analytical TLC
and visualized using UV light, iodine, potassium permanganate stain, p-anisaldehyde
stain or phosphomolybdic acid in EtOH stain. TLC analyses were performed on silica
gel plates (pre-coated on aluminum; 0.20 mm thickness with fluorescent indicator
UV254).

All reagents were purchased from commercial sources and used without
purification unless otherwise mentioned. THF and Et,O were freshly distilled from Na-
benzophenone ketyl whereas CH.Cl, and PhCHs; were distiled over CaH..
Trifluoroethanol was purchased from Aldrich or Alfa Aesar and used without further
purification. Flash silica gel (32-63 pm) was used for column chromatography.
Enantiomeric excess for all products was judged by HPLC analysis using DAICEL
CHIRALPAK OJ-H or AD-H columns. Diastereomeric ratios were determined by crude
NMR analysis. All known compounds were characterized by 'H and '*C NMR and are
in complete agreement with samples reported elsewhere.

Abbreviations used: DCDMH = 1,3-dichloro-5,5-dimethylhydantoin; DCDPH = 1,3-
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dichloro-5,5-diphenylhydantoin; TCCA = trichloroisocyanuric acid; DiCh.T =
dichloramine-T; Ch.T = Chloramine-T; NCS = N-chlorosuccinimide; TLC = Thin layer
chromatography; DCM = Dichloromethane; THF = Tetrahydrofuran; EtOAc = Ethyl

Acetate; Hex = Hexane; n-PrOH = n-Propanol.

Il. General procedure for the catalytic asymmetric chlorocyclization of

unsaturated amide 1a:

(DHQD),PHAL (2 mol%)

. ., (@]
L DCDPH (1.1 equiv) cl—.
N__Ph . »—Ph
Ph N Ph ’QN

TFE, -30 °C, 2h
o 96% yield, +90% ee
1a 2a

(DHQD),PHAL (1.56 mg, 312 pL of a 5 mg/mL solution in TFE, 2 mol%) was

introduced to a suspension of DCDPH (35 mg, 0.11 mmol, 1.1 equiv) in trifluoroethanol
(TFE, 2.2 mL) in a screw capped vial equipped with a stir bar at -30 °C. After stirring
vigorously for 10 min, the substrate (0.10 mmol, 1.0 equiv) was added in a single
portion. The vial was capped and the stirring was continued at -30 °C till the reaction
was complete (TLC). The reaction was quenched by the addition of 10% ag. Na,SO; (3
mL) and diluted with DCM (3 mL). The organics were separated and the aqueous layer
was extracted with DCM (3 x 3 mL). The combined organics were dried over Na,SO,,
concentrated and purified by column chromatography on silica gel using EtOAc-
Hexanes as the eluent to give product 2a in 96% yield and 90% ee. Resolution of
enantiomers: CHIRALCEL OJ-H, 5% IPA-Hexane, 0.8 mL/min, 260 nm, RT1 = 18.0

min, RT2 = 34.0 min. Analytical data for 2a: '"H NMR (500 MHz, CDCls) & 8.05 (d, J =
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7.0 Hz, 2H), 7.48 — 7.51 (m, 1H), 7.36 — 7.46 (m, 6H), 7.30 — 7.34 (m, 1H), 4.50 (d, J =
15.0 Hz, 1H), 4.23 (d, J = 15.0 Hz, 1H), 3.92 (d, J = 12.0 Hz, 1H), 3.85 (d, J = 12.0 Hz,
1H); ®*C NMR (125 MHz, CDCl5) d 163.0, 141.5, 131.5, 128.7, 128.4, 128.3, 128.2,
127.3, 124.9, 87.56, 64.93, 51.04. HRMS (ESI) Calculated Mass for C1cH14sNOCI:

(IM+H]*) = 271.0764, Found ([M+H]") = 271.0765.
lll. Procedure for the synthesis of unsaturated amide substrate 1b:

1. NaN3, DMSO, 50 °C
NBS, CHClg, reflux Br o PaPhss, THF, H,0, rt ©JVNH2
60% yield, 15h 86% yield 5h

S-4 S-5

a-methylstyrene
A A ye
8h, 89% yield o

S-4, (3-bromoprop-1-en-2-yl)benzene

NBS (8.58 g, 48.23 mmol, 1.14 equiv) was added to a solution of a-methylstyrene (5.0
g, 42.31 mmol, 1.0 equiv) in chloroform (7 mL) at room temperature. Reaction was
refluxed for 15 h. After completion, the reaction mixture was filtered and concentrated
to remove chloroform. Crude sample was subjected to column chromatography using
hexane (100%) to afford S-4 in 60% vyield. Analytical data for S-4: 'H NMR (500 MHz,
CDCls) & 7.27-7.39 (m, 5H), 5.54 (d, J = 1.2 Hz, 1H), 5.47 (d, J = 1.2 Hz, 1H), 4.37 (s,

2H); ®C NMR (125 MHz, CDCls) & 144.2, 137.6, 128.5, 128.3, 126.1, 117.2, 34.2.

S-5, 2-phenylprop-2-en-1-amine

Allyl bromide S-4 (4.5 g, 22.96 mmol, 1.0 equiv) dissolved in THF (85 mL) and H,O (21
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mL), was treated with NaN; (1.79 g, 27.53 mmol, 1.2 equiv) at room temperature. After
TLC analysis revealed the complete consumption of starting material (~ 3 h), PPh,
(9.04 g, 34.46 mmol, 1.5 equiv) was added to the reaction vessel. After 2 h at ambient
temperature, the reaction was concentrated to remove most of the THF. The resulting
suspension was diluted with aq. HCI and extracted with ether (3x). The aqueous layer
was then basified by adding solid KOH and extracted with ether (3x). The combined
organics were dried (Na,SO,) and concentrated to give the crude amine, which was
usually pure enough to use in the next step. Analytical data for S-5: '"H NMR (500 MHz,
CDCl3) & 7.27-7.40 (m, 5H), 5.33 (d, J = 1.2 Hz, 1H), 5.20 (d, J = 1.2 Hz, 1H), 3.70 (s,

2H); '3C NMR (125 MHz, CDCls) & 149.4, 139.5, 132.3, 131.5, 128.3, 111.0, 45.8.

1b, N-(2-phenylallyl)benzamide

A solution of 2-phenylprop-2-en-1-amine S-5 (1.20 g, 9.0 mmol, 1.0 equiv),
triethylamine (1.04 mL, 18.0 mmol, 2.0 equiv) and a catalytic amount of DMAP in DCM
(50 mL) was cooled in an ice bath. To this solution, benzoyl chloride (1.57 mL, 13.5
mmol, 1.5 equiv) was added drop wise. After the completion of the reaction, it was
allowed to warm to room temperature. It was quenched with water and extracted with
DCM (3 x 25 mL). The combined organics were washed with brine (1 x 30 mL), dried
over Na,SO, and concentrated under reduced pressure to give the product as a
colorless solid in 89% vyield after column chromatography (10% EtOAc-Hexanes).

Analytical data for 1b: MP: 123 — 125 °C.; Rf: 0.46 (30% EtOAc-Hexane). 'H NMR (500

MHz, CDCls) & 7.7 (d, J = 8.5 Hz, 2H), 7.43-7.47 (m, 3H), 7.27-7.39 (m, 5H), 6.30 (br s,
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1H), 5.49 (s, 1H), 5.29 (s, 1H), 4.52 (d, J = 6.0 Hz, 2H); *C NMR (125 MHz, CDCl3) &
167.3, 144.2, 138.3, 134.4, 131.5, 128.6, 128.5, 128.09, 126.9, 126.04, 114.0, 43.7.
HRMS (ESI) Calculated Mass for CigH1sNO: ([M+H]") = 237.1154, Found ([M+H]") =

237.1154.

IV. Labeling studies of 1,1-unsaturated amide:

To explore the stereocontrol in chlorocyclization reactions, we replaced one of the
vinylic protons with deuterium. This leads to diastereotopic products with two
stereogenic carbons, the quaternary carbon and the carbon attached to the chlorine
(Scheme S1). Having two stereocenters on the final product provides the opportunity to

investigate the face selectivity in the chlorination and the subsequent attack of the

Open form (Carbocatlon) Diastereomer 1 Diastereomer 2

,,,,,,,,,,,,,,,,,,,,,,,,,,,

D. H 1
@0 |
\ C'J/\/V ' 5.% Nu
NuH E——
Ph ! H 3

,,,,,,,,,,,,,,

Scheme S1. Two plausible intermediates for a stepwise process: Open
(forming two diastereomers) and bridged (forms one diastereomer) cations.
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internal nucleophile. To execute this idea, the deuterated amide substrate 1b-D was

synthesized from 3-bromoprop-1-yne in 4 steps.

IV.a. Procedure for the synthesis of labeled amide substrate 1b-D:

(0]

Potassium Phthalimide NaBPh,, D,O
DMF, 80 °C HOAc, Pd(Cl),(PPhs),
///\ Br N

8h, 61% yield \\ 52 °C, 12h, 53% yield

0
o 1. NHNH,.H,0 D_ _H
D | H MeOH, rt, 12h DJ/\H/ BzCl, Py, DCM LH N
Phj/\/N 2. HCI (conc.) Ph NHz  0°Ctort,3h  Ph e
0 then KOH 51% yield 1b-D le}
89% yield ... YD ‘
5 6 ! 8713 E:Z

4, 2-(prop-2-yn-1-yl)isoindoline-1,3-dione

Potassium phthalimide (3.0 g, 16.2 mmol, 1.0 equiv) was added to a solution of 3-
bromoprop-1-yne (2.8 mL of 80% wt. in toluene, 19.1 mmol, 1.18 equiv) in dry DMF (15
mL) at room temperature. After stirring the reaction at 80 °C for 8 h, it was poured into
an ice cold water. The solid was filtered, washed with water and dried under vacuum. A
white solid was obtained in 61% yield after recrystallization with DCM and Hexanes.
Analytical data for 4: 'H NMR (500 MHz, CDCl3) 6 7.89-7.85 (m, 2H), 7.70-7.74 (m,
2H), 4.44 (d, J = 2.5 Hz, 2H), 2.21 (t, J = 2.5 Hz, 1H); *C NMR (125 MHz, CDCls) &

166.9, 134.2, 131.9, 123.5, 76.7, 71.5, 27.0.

5, Deuterated 2-(2-phenylallyl)isoindoline-1,3-dione’
A mixture of compound 4 (800 mg, 4.33 mmol, 1.0 equiv), NaBPh, (1.48 g, 4.33 mmol,

1.0 equiv), HOAc (247 pL, 4.33 mmol, 1.0 equiv), PdCI>(PPh3)2 (91 mg, 0.13 mmol,
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0.03 equiv), and DO (8.7 mL) was heated in a sealed tube under nitrogen at 50 °C for
12 h. After that, the solvents and volatiles were removed under reduced pressure and
the mixture was subjected to column chromatography to afford compound 5 as a pale
yellow powder in 53% yield. Analytical data for 5: '"H NMR (600 MHz, CDCls): 57.82 (d,
J=16.0, 3.0 Hz, 2H), 7.68 (dd, J = 6.0, 3.0 Hz, 2H), 7.48 (dd, J = 7.8 Hz, 2H), 7.32 (m,
2H), 7.26 (t, J= 7.2 Hz, 1H), 5.12 (t, J = 1.8 Hz, 1H), 4.69 (d, J = 1.8 Hz, 2H), *C NMR
(150 MHz, CDCls): & 167.9, 142.3, 138.5, 133.9, 132.0, 128.4, 128.0, 126.4, 123.3,
113.6 (t, J = 23.7 Hz), 41.4. IR (cm”, NaCl plate): 2918, 2495, 1704; HRMS

(C17H12DNOy): Calc. [M+H]*: 265.1088, Found [M+H]*: 265.1086.

6, Deuterated 2-phenylprop-2-en-1-amine

Compound 5 (3.7 g, 18.9 mmol, 1.0 equiv) was dissolved in MeOH (40 mL).
NH2NH2.H2O (1.7 mL) was introduced into the reaction vessel and the resulting
suspension was stirred at room temperature overnight. The reaction was then diluted
with water (100 mL) and most of MeOH was removed by rotary evaporation.
Concentrated HCI (19 mL) was added and the resulting suspension was stirred for a
further 60 min at ambient temperature. The precipitated solids were filtered and the
filter cake was washed with water. The combined filtrates were basified with solid
NaOH and extracted with EtOAc and concentrated to give deuterated 2-phenylprop-2-
en-1-amine 6, which was used in the next step without any purification. Analytical data
for 6: "H NMR (600 MHz, CDCls): & 7.26-7.4 (1H, 5H), 5.19 (t, J = 1.8 Hz, 1H), 3.69 (s,
2H), 1.39 (br s, 2H); *C NMR (150 MHz, CDCls): & 149.7, 139.7, 128.4, 127.6, 126.1,

110.9 (t, J = 24 Hz), 46.1. HRMS (ESI) Calculated Mass for CgH1oDN: ([M+H]") =
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135.1033, Found ([M+H]*) = 135.1034.

1b-D, Deuterated N-(2-phenylallyl)benzamide

A solution of labeled 2-phenylprop-2-en-1-amine 6 (50 mg, 0.37 mmol, 1.0 equiv) and
pyridine (63 mg, 0.74 mmol, 2.0 equiv) in DCM (2.5 mL) was cooled in an ice bath. To
this, benzoyl chloride (80 mg, 0.57 mmol, 1.5 equiv.) was added drop wise. After the
addition was complete, the reaction was allowed to warm to room temperature. After 3
h, the reaction was diluted with an equal amount of water and extracted with DCM (3 x
5 mL). The combined organics were washed with brine (1 x 3 mL), dried over NaxSO,
and concentrated under reduced pressure to give the product as a yellow solid. It was
recrystallized from MeOH to obtain the pure product as a colorless solid in 51% yield
[95% D-incorporated, (87:13) E:Z ratio of isomers]. Analytical data for 1b-D: '"H NMR
(600 MHz, CDClg): 6 7.69 (d J = 8.4 Hz, 2H), 7.47 (m, 3H), 7.38 (t, J = 7.8 Hz, 2H),
7.34 (t, J=7.2 Hz, 2H), 7.30 (t, J= 7.2 Hz, 1H), 6.15 (br s, 1H), 5.3 (t, J = 1.8 Hz, 1H),
4.52 (d, J = 5.4 Hz, 2H); ®C NMR (150 MHz, CDCls): d 167.3, 144.1, 138.2, 134.4,
131.4, 128.6, 128.5, 128.1, 126.8, 126.0, 113.7 (t, J = 24.0 Hz), 43.6; IR (cm™, NaCl
plate): 3340, 2345, 1647. HRMS (C16H14DNO): Calc. [M+H]*: 239.1294, Found [M+H]":

239.1297.
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IV.b1. Procedure for the non-catalyzed chlorocyclization of labeled unsaturated

amide 1b-D:

anti addition (85 : 15) syn addition
D H E HD &)
5 ! ) a
Ph l(l | Ph N S
D H . 5R.65-2b-D ! 5R,6R-2b-D A
LH o DCDPH (1.1 equiv), RT ot 5 syn 5
Ph TFE, 87% yield, 10 h : 5
\g/ anti : syn HD : b H !
1b-D dr (85 : 15) _O_ph ! _O_ _ph V
Clop o e
N ' N <0f1>
556R-2b-D |  556S5-2b-D =)
anti ! syn &

Substrate 1b-D (24 mg, 0.10 mmol, 1.0 equiv) was added to a solution of DCDPH (35
mg, 0.11 mmol, 1.1 equiv) in TFE or CHCI; (2.2 mL) in a screw-capped vial equipped
with a stir bar. After stirring vigorously for 10 h, the reaction was quenched by the
addition of 10% aq. Na>SO; (3 mL) and diluted with DCM (3 mL). The organics were
separated and the aqueous layer was extracted with DCM (3 x 3 mL). The combined
organics were dried over anhydrous Na,SO4. Pure products were isolated by column
chromatography on silica gel using EtOAc-Hexanes (1:19) as the eluent to give the
desired product 2b-D in 87% yield as a mixture of two diastereomers (85:15 dr)
(analyzed by 'THNMR). Analytical data for 2b-D: '"H NMR (500 MHz, CDCls): & 8.05 (dd,
J=1.5, 11.5 Hz, 2H), 7.32-7.50 (m, 8H), 4.49 (d, J = 15.0 Hz, 1H), 4.22 (d, J = 15.0
Hz, 1H), 3.91 (s, 1H); '"H NMR (500 MHz, CsD¢): d 8.23 (m, 2H), 7.0-7.15 (m, 8H), 4.23
(d, J = 15.0 Hz, 1H), 3.98 (d, J = 15.0 Hz, 1H), 3.41 (s, 1H); '*C NMR (125 MHz,
CDCl3): 6 163.0, 141.5, 131.6, 128.7, 128.4, 128.3, 128.2, 127.4, 124.9, 87.5, 64.9,
50.8 (t, J = 23.7 Hz). HRMS (ESI) Calculated Mass for CisH14ONCID: ([M+H]*) =

273.0905, Found ([M+H]") = 273.0900.
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IV.b2. Calculations to determine diastereomeric ratio of 2b-D via non-catalyzed
cyclization of 1b-D:

The synthesized starting material 1b-D contains 5% unlabeled amide 1b, the integral
value of each diastereomeric product was calculated by subtracting the integral value
of the overlapping non-labeled product as depicted in Scheme S2. Peaks a, b, ¢, d (AB
quartet) belongs to the non-labeled substrate. The integral values of peaks a and d are
equivalent (a = d = 2.47) and so are the integral values for peaks b and ¢ (b = ¢ =
3.10). Peaks e and f belong to the deuterated product and overlap with b and d,
respectively. To obtain the corrected value of e, the integral value of ¢ is subtracted
from the overall integral of b and e (e = 100 — 3.10 = 96.90). Similarly, to evaluate the
integral of f, the integral value of a is subtracted from the overall integral value of d and
f (f = 33.60 — 2.47 = 31.13). This calculation results in a 76:24 anti:syn ratio prior to

13% correction for the presence of the Z-olefin.

anti addition non-labeled product syn addition
s . ABgquartet=a,b,c,d .. .
: el o f f '
! ~° °\ 1 s ~ :
. D H H D © HH ' . HD D H !
) e O - __O Lo 0 __0O -
. Ph Ph ; Ph ! Ph Ph!
: N N b N b N N .
! 5R6S-2b-D 55,6R-2b-D | 5R2b + 552b | | 5R,6R-2b-D 55,65-2b-D
b+ e
d+f
a c

Scheme S2. 'H NMR of labeled 2b-D, cyclized under non-catalyzed condition.
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For correction of the E/Z isomeric mixture, we used the following equations. Defining
the fraction of product that arises from attack of CI* on the olefin syn to the nucleophile

as (S), and that anti to the nucleophile as (A), the following equations can be derived:

—S A (i)
Di-anti) = E v L !
( > (A+8) (A+S)

S A Ui
D2-syn) =Z ———— + E ———— g
(D2-5yn) (A+S) (A+S)

After rearrangement and cross-multiplying, we get equation (iii). Since the dihydrogen
corrected amount of syn and anti products are known (see correction discussed
above), the corresponding values can be inserted in the below equation (jii)) to evaluate

the ratio of anti-addition to syn-addition for the final corrected value.

%E=(3xz)-(AxE) i
D2 (axz)-(sxE)

Replacing the numbers would give:

., D1 _ (31.13x13)-(96.90x87)=5.54

D2 (96.90 x13)- (31.13x 87)

Hence, %D1 =84.7 and %D2 = 15.29. i.e. anti-addition: syn-addition = 85:15

This result suggests that the reaction does not go through a bridged chloronium
intermediate, as two diastereomers resulting from syn and anti addition were observed
in the absence of any catalyst. Other conditions such as changes in chlorenium source,

solvent, and concentration were utilized to investigate the syn/anti diastereoselectivity.
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IV.b3. Effects of chlorenium source, solvent and concentration on the
diastereoselectivity of chlorocyclization of labeled amide 1b-D in the absence of
any catalyst:

Most of the chlorenium sources result in diastereoselectivities in the range of 78:22 to
85:15 anti:syn cyclization except TCCA that gave 65:35 dr, nonetheless still favoring
anti (Table S1, entries 1-8). Change of solvent from TFE to CHCIs or MeCN led to
similar diastereoselectivity (Table S1, entries 1, 10-11). Other solvents such as DCM,
toluene, and CHCl3:Hex (1:1) yield more of the anti-cyclized product (Table S1, entries
9,12-13). Dilution plays an important role in the diastereoselectivity of this reaction.
Decreasing the concentration of both substrate and DCDPH in TFE led to the formation
of more syn product (Table S1, entries 14-20). Keeping the concentration of DCDPH
constant (0.11 M), concentration of substrate in TFE was decreased from 0.10 M to
0.005 M (Table S1, entries 21-24). This led to a similar trend with an increase in the
syn product. Conversely, when the concentration of substrate was kept constant at
0.01 M in TFE and concentration of DCDPH was lowered from 0.11 M (10.0 equiv) to
0.011 M (1.1 equiv), no significant changes were observed in diastereoselectivity

(Table S1, entries 25-28).
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Table S1. Screen of chlorenium source, solvents and effect of concentration on syn/anti ratio.

anti addition (A : B) syn addition

D H ' HD %
6\~ (o) E Z (0] Ph o
DM CI* source (1.1 equiv) 5RE6S26-D |  5A6A2b-D A
LH anti ; syn ;
Ph N\H/Ph Solvent, rt ! :
10 © "\ o} .o E
- ' - e \
CI)FQ Ph C|)¥£ Ph
Ph E/ PR E/ §
556R2b-D |  55652b-D
anti H syn Q\z
+ + . dr (A:B)
Entry CI” source Solvent [Sub] [CI"] time (anti:syn)
1 DCDPH TFE 0.05 M 0.05 M 12 h 85:15
2 DCDMH TFE 0.05 M 0.05 M 12 h 79:21
3 DiCh.T TFE 0.05 M 0.05 M 12 h 90:10
4 N-Chlorosaccharin TFE 0.05M 0.05M 12 h 86:14
5 TCCA TFE 0.05 M 0.05 M 12 h 65:35
6 NCS TFE 0.05M 0.05 M 72 h 80:20
7° N-Chlorophthalimide TFE 0.05 M 0.05 M 72 h 78:22
8° Ch.T TFE 0.05 M 0.05 M 72 h 80:20
9 DCDPH CHCl3z:Hex (1:1) 0.05 M 0.05 M 12 h 97:3
10 DCDPH CHCl3 0.05 M 0.05M 12 h 85:15
11 DCDPH MeCN 0.05 M 0.05 M 12 h 86:14
12 DCDPH DCM 0.05 M 0.05 M 12 h 97:3
13 DCDPH toluene 0.05 M 0.05 M 12 h 98:2
14 DCDPH TFE 0.5M 0.5M 12 h 88:12
15 DCDPH TFE 0.2M 0.2M 12 h 88:12
16 DCDPH TFE 0.1 M 0.1 M 12 h 88:12
17 DCDPH TFE 0.05 M 0.05 M 12 h 85:15
18 DCDPH TFE 0.01 M 0.01 M 12 h 69:31
19 DCDPH TFE 0.005 M 0.005 M 12 h 62:38
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20 DCDPH TFE 0.0025M 0.0025M  12h 56:44

21 DCDPH TFE 0.10 M 0.11 M 12 h 84:16
22 DCDPH TFE 0.05M 0.11 M 12 h 82:18
23 DCDPH TFE 0.01 M 0.11 M 12 h 66:34
24 DCDPH TFE 0.005 M 0.11 M 12 h 61:39
25 DCDPH TFE 0.01 M 0.011 M 12 h 69:31
26 DCDPH TFE 0.01 M 0.022 M 12 h 61:39
27 DCDPH TFE 0.01 M 0.055 M 12 h 62:38

®82% conversion after 3 days. ® 58% conversion after 3 days.

IV.b4. Changing the electronics of the aryl group and its effect on the
diastereoselectivity of non-catalyzed chlorocyclization of unsaturated amide 1a-
D:

Electronic properties of the benzoyl group with the labeled amide substrate were varied
to see the effect of nucleophilicity on the diastereoselectivity of this reaction. Both
electron donating and withdrawing groups yield more syn product as compared to

substrate 1b-D (Table S2, entries 2-4).
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Table S2. Effects of nucleophile on the anti:syn ratio.

anti addition (A : B) syn addition

D H ! HD o
B0 Ar | O _Ar ’2
“en T E/ - lpn E/ 2
DM DCDPH (1.1 equiv) 5RE6S26-D |  5REA-2b-D VA
LH anti ! syn !
pr NN AT T TRE (002 M), 1t ; ,
o H D ° ©  DH 5
1b-D Ar=CgH Cl)hﬁ Ar c|>‘\1o Y
9b-D Ar = 4-OMe-CeHs Ph R/ P PR E/ &
10b-D Ar = 4-Me-CgHs 556R2b-D |  55652b-D (S
11b-D Ar = 3,5-(NOy),-CgHs anti : syn 2
Product label dr (A:B)
Entry Substrate label (yb-D) (anti:syn)
1 1b-D, Ar = CgH;s 2b-D 76:24
2 9b-D, Ar = 4-OMe-CgH5s 12b-D 78:22
3 10b-D, Ar = 4-Me-CgHs- 13b-D 76:24
4 11b-D, Ar = 3,5-(NOy)»-CgHs 14b-D 57:43

General procedure for the synthesis of labeled substrates 9b-D to 11b-D:
Substrates 9b-D to 11b-D were synthesized similarly to that described for substrate

1b-D with the only difference being the choice of the amine protecting groups.

D H
D _H BzCl, Py, DCM ]\/H . DCDPH (1.1 equiv) .
| — = r )X r
j/\/NHZ vocwon P N TFE (0.02 M), g
Ph 1)
1b-D Ar= CsHs' 2b-D Ar= CGH5'
9b-D Ar=4-OMe-CgHg- 12b-D Ar = 4-OMe-CgHs-
10b-D  Ar = 4-Me-CgHs- 13b-D Ar = 4-Me-CgHs-
11b-D  Ar=3,5-(NO,),-CgHs- 14b-D  Ar=3,5-(NOy)2-CgHs-
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9b-D, Deuterated 4-methoxy-N-(2-phenylallyl)benzamide

D__H OMe
n I
Ph
o

Analytical data for 9b-D: 'H NMR (500 MHz, CDCls) & 7.66 (d, J = 8.5 Hz, 2H), 7.45 (d,
J=7.0Hz, 2H), 7.34 (t, J = 7.0 Hz, 2H), 7.29 (d, J = 7.5 Hz, 1H), 6.87 (d, J = 9.0 Hz,
2H), 6.07 (br s, 1H), 5.28 (s, 1H), 4.50 (d, J = 5.5 Hz, 2H), 3.81 (s, 3H); *C NMR (125
MHz, CDCls) 5 166.8, 162.2, 144.3, 138.3, 128.7, 128.6, 128.1, 126.7, 126.1, 113.75,
113.70 (t, J= 22.0 Hz), 55.4, 43.7.

10b-D, Deuterated 4-methyl-N-(2-phenylallyl)benzamide

D__H Me
n LY
Ph
0o

Analytical data for 10b-D: 'H NMR (500 MHz, CDCls) & 7.59 (d, J = 8.0 Hz, 2H), 7.46
(d, J = 7.0 Hz, 2H), 7.33 (t, J = 6.5 Hz, 2H), 7.28 (d, J = 7.0 Hz, 1H), 7.17 (d, J = 8.0
Hz, 2H), 6.17 (br s, 1H), 5.28 (s, 1H), 4.51 (dd, J = 5.5 Hz, J = 1.0 Hz, 2H), 2.35 (s,
3H); '®C NMR (125 MHz, CDCls) & 167.2, 144.25, 141.9, 138.3, 131.6, 129.2, 128.6,
128.1, 126.9, 126.0, 113.7 (t, J = 24.0 Hz), 43.6, 21.4. HRMS (ESI) Calculated Mass

for C17H16DNO: ([M+H]*) = 253.1451, Found ([M+H]*) = 253.1450.
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11b-D, Deuterated 3,5-dinitro-N-(2-phenylallyl)benzamide

NO,
D _H

Tk
Ph NO,

0]

Analytical data for 11b-D: 'H NMR (500 MHz, CDCls) & 9.10 (s, 1H), 8.86 (s, 2H), 7.42
(d, J=7.5Hz, 2H), 7.26-7.36 (m, 3H), 6.69 (br s, 1H), 5.31 (s, 1H), 4.57 (d, J = 5.5 Hz,
2H); *C NMR (125 MHz, CDCls) d 162.7, 148.6, 143.2, 137.7, 137.6, 128.7, 128.4,

127.2,126.0, 121.0, 114.8 (1, J=24.0 Hz), 44.3.

General procedure for the non-catalyzed chlorocyclization of labeled 9a-D to 11b-
D:
Substrates 12a-D to 14b-D were synthesized similarly to that described for substrate

2b-D.
12b-D, Deuterated 5-(chloromethyl)-2-(4-methoxyphenyl)-5-phenyl-4,5-

H D OMe
cl ©
Ph /)

N

dihydrooxazole

Analytical data for 12b-D: 'H NMR (500 MHz, CsDs) & 8.20 (d, J = 8.5 Hz, 2H), 6.90-
7.10 (m, 5H), 6.68 (d, J = 9.0 Hz, 2H), 4.22 (d, J = 15 Hz, 1H), 3.99 (d, J = 15 Hz, 1H),
3.42 (s, 1H), 314 (s, 3H); HRMS (ESI) Calculated Mass for C17H1sDNO2CI: ([M+H]*) =

303.1010, Found ([M+H]*) = 303.1004.
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13b-D, Deuterated 5-(chloromethyl)-5-phenyl-2-(p-tolyl)-4,5-dihydrooxazole

H D Me
cl ©
Ph /

N
Analytical data for 13b-D: 'H NMR (500 MHz, CDCI3) 6 7.94-7.97 (m, 2H), 7.39-7.45
(m, 3H), 7.34-7.37 (m, 1H), 7.26-7.28 (m, 3H), 4.51 (d, J = 14.5 Hz, 1H), 4.24 (d, J =
145 Hz, 1H), 3.983 (s, 1H), 2.42 (s, 3H); HRMS (ESI) Calculated Mass for

C17H1sDNOCI: ([M+H]*) = 287.1061, Found ([M+H]*) = 287.1057.

14b-D, Deuterated 5-(chloromethyl)-2-(3,5-dinitrophenyl)-5-phenyl-4,5-

dihydrooxazole
NO,

H D
/
Ph N

Analytical data for 14b-D: '"H NMR (500 MHz, CDCls) & 9.20 (s, 3H), 7.37-7.45 (m, 5H),

NO,

4.63 (d, J=15.5 Hz, 1H), 4.35 (d, J = 15.5 Hz, 1H), 3.96 (s, 1H).

IV.c1. Procedure for the catalytic asymmetric chlorocyclization of labeled

unsaturated amide 1b-D:

b H (DHQD),PHAL (2 mol%)

DCDPH (1.1 equiv)
1A ”&YF’“
Ph \ﬂ/ TFE, -30 °C, 2h

major product isolated (5R)

1b-D

DCDPH (35 mg, 0.11 mmol, 1.1 equiv) was suspended in trifluoroethanol (TFE, 2.2

mL) in a screw-capped vial equipped with a stir bar. The resulting suspension was
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cooled to -30 °C in an immersion cooler. (DHQD),PHAL (1.56 mg, 312 mL of a 5
mg/mL solution in TFE, 2 mol%) was then introduced. After stirring vigorously for 10
min, unsaturated amide 1b-D (24 mg, 0.10 mmol, 1.0 equiv) was added in a single
portion. The vial was capped and the stirring was continued at -30 °C till the reaction
was complete (TLC). The reaction was quenched by the addition of 10% aq. Na,SOs; (3
mL) and diluted with DCM (3 mL). The organics were separated and the aqueous layer
was extracted with DCM (83 x 3 mL). The combined organics were dried over
anhydrous Na>SO,4. The pure product was isolated by column chromatography on silica
gel using EtOAc-Hexanes (1:19) as the eluent in 93% yield. The resulting two
enantiomers (ignoring the stereochemistry at the labeled carbon (C-6) as it is not
distinguishable by chiral HPLC) were separated using a chiral pack OJ-H column (5%
IPA in hexanes; 0.8 mL/min; 265 nm; RT; = 17.9 (S enantiomer) and RT, = 34.3 (R
enantiomer)) and an R to S ratio of 93:7 was obtained. Analytical data for 2b-D: 'H
NMR (500 MHz, CDCls): & 8.05 (dd, J = 1.5, 11.5 Hz, 2H), 7.32-7.50 (m, 8H), 4.49 (d, J
= 15.0 Hz, 1H), 4.22 (d, J = 15.0 Hz, 1H), 3.91 (s, 1H); 'H NMR (500 MHz, C¢Ds): &
8.23 (m, 2H), 7.0-7.15 (m, 8H), 4.23 (d, J = 15.0 Hz, 1H), 3.98 (d, J = 15.0 Hz, 1H),
3.41 (s, 1H); '®*C NMR (125 MHz, CDCls): & 163.0, 141.5, 131.6, 128.7, 128.4, 128.3,
128.2, 127.4, 124.9, 87.5, 64.9, 50.8 (t, J = 24.0 Hz). HRMS (ESI) Calculated Mass for

C16H12ONCID: ([M+H]*) = 273.0905, Found ([M+H]*) = 273.0900.
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IV.c2. Calculations to determine the quantity of the four isomeric products 2b-D
obtained through (DHQD).PHAL catalyzed chlorocyclization:

(DHQD).PHAL catalyzed chlorocyclization of labeled amide 1b-D was investigated.
The high enantioselectivity of the final cyclized product must be the result of high facial
selectivity of the ring-closing event. However, understanding the enantioselectivity at
both alkene ends is important to fully comprehend the role of the chiral catalyst.
Desymmetrization of dichlorohydantoin by binding to the cinchona alkaloid catalyst in
the absence of substrate is observable by NMR.? But with 1,1-disubstituted alkene
substrates, the pi face selectivity of chlorenium delivery is not evident from the
products formed, in which the chlorine atom resides on a non-stereogenic carbon. To
measure the face selectivity of the chlorenium attack, deuterated substrate 1b-D was
utilized. Reaction of the labeled substrate under optimized asymmetric catalytic
conditions results in products that enable analysis of olefin face selectivity for
chlorenium delivery and ring closure via chiral HPLC and 'H NMR spectroscopy (see
Scheme S3).%°

In order to obtain the ratio of four isomeric products, two groups of products epimeric at
C5 (5R versus 5S) were separated by chiral HPLC [with (93:7) er favoring R
configuration at C-5 as determined by crystallography].® Since HPLC does not separate
deuterated from non-deuterated analogs, we obtained D1En2/D2En2 (set1) and
D1En1/D2En1 (set2) after HPLC purification using OJ-H chiral column (Scheme S3).
Set1 contains two diastereomers (5R,6R) and (5R,6S), while set2 has diastereomers

(55,6S) and (55,6R). Note that each set contains epimeric C6 compounds, reflecting
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the diastereomers engendered by the deuterium labels. '"H NMR analysis of these two
sets reveal a dr of (99:1) for set1 (obtained from chiral HPLC separation of the major
enantiomer at C-5), and a dr of (73:27) for set2 (obtained from chiral HPLC separation
of the minor enantiomer). These diastereomeric ratios are the finalized values after
correction for the amount of non-labeled product and E/Z mixture of the starting
material. The corrections are described below.

Steps toward the calculation of the final corrected dr numbers are as follows. The ar
ratios were calculated by subtracting the integral value of the non-labeled product from
the overall integral of the diastereomers as explained earlier for the non-catalyzed
chlorocyclization analysis. The '"H NMR of the starting material 1b-D shows 13% Z
olefin as contaminant. For correction of the E/Z isomeric mixture, we used the following
equations. Defining the fraction of product that arises from C6-Pro-S attack of CI* on
the olefin as B (bottom face attack), and that from the C6-Pro-R attack of CI" as T (top

face attack), the following equations can be derived:

5 ! (iv)
=fF —— + Z ——— iv
(SR’ GR) (T + B) (T+B)
5 ! v)
o) =7 ——— + E — v
(sr,65) (T + B) (T+B)

After rearrangement and cross-multiplying, we get equation (vi). Since the
diastereomeric ratio is available from 'H NMR analysis, the corresponding values can
be inserted in equation (vi) to evaluate the ratio of syn-addition to anti-addition for the

final corrected value.
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- (5m, 65)x 2 -(5R, 6R) xE |
T (sm6R)xZ-(5R 65)xE v

For an example, lets walk through the calculation of anti:syn (D1:D2) ratio of the major
enantiomer (En2) using 'H NMR analysis [D1En2/D2En2 (set1), shown in Scheme S3].
The synthesized starting material 1b-D contains 5% unlabeled amide 1b, the integral
value of each diastereomer was calculated by subtracting the integral value of the
overlapping non-labeled product as depicted in Scheme S4. Peaks a, b, ¢, d (AB
quartet) belongs to the non- labeled substrate. The integral values of peaks a and d
are equivalent (a = d = 2.05) and so are the integral values for peaks bandc (b=c =
3.60). Peaks e and f belong to the deuterated product and overlap with b and d,
respectively. To obtain the corrected value of e, the integral value of ¢ is subtracted
from the overall integral of b and e (e = 100 — 3.60 = 96.4). Similarly to evaluate the
integral of f, the integral value of a is subtracted from the overall integral value of d and
f (f = 16.49 — 2.05 = 14.44). This calculation results in 87:13 anti:syn ratio prior to 13%

correction for the Z-olefin.
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D H (DHQD),PHAL (2 mol%)
| H DCDPH (1.1 equiv) 6X5.0__ph
N__Ph - Clg, X
Ph \n/ TFE,-30°C, 2h N
1b-D ° 2b-D

Chiral HPLC Separation of C-5 Epimers
using Chiral OJ-H column

D H : ! !

o\ 90 ' D1En2 | ) o |
Ph ! [l | @ Ph |

Clsh\\ﬁ)/ ; D2En2 || I G s
N : .' : N ;

: | ' '

D1En1 , |/ — | DiEn2 |

! | E

AP | D1En1 | A :
RO _Ph | n P @O _ph !

o % : S D2En1 / P CI, Dk
| AN \ : :

. D2Ent | SE— — D2En2
L, ! | | | | | - L '
Minor enantiomer 15 20 25 30 35 Major enantiomer
time (min)

'H NMR Analysis for Determination of C-6
Epimeric Ratio

D H H D
NGO —Ph N O _Ph
PR\ PR\
(99d: 1) TH NMR
r ~——————
D1En2 D2En2

D H
1H NMR o\ .0 A\

Ph ©.0,_Ph
CIo> ’(17/ CIg.® Z/

ar
D1Ent (73:27) D2Ent

Scheme S3. Face selectivity in chlorine delivery was measured by using chiral
HPLC and 'H NMR.

Assuming similar stereoselectivity of E and Z isomers, the major diastereomer (anti)
(5R,6S) product [which was found to be anti diastereomer through derivatization
studies], results from bottom face (B) attack of CI* (C6-Pro-S attack) on the E olefin

(major contribution) and top face (T) attack of CI* (C6-Pro-R attack) onto the Z olefin
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(minor contribution). Similarly, the minor diastereomer (syn) (5R,6R), results from top
face (T) attack of CI" on the E olefin (major contribution) and bottom face (B) attack of
CI* on Z olefin (minor contribution). In order to correct for 13% Z olefin impurity, we

used equation (vi):

- (14.44 x13) - (96.40 x 87) - eson

T (96.40x13)-(14.44 x 87

Hence, %B = 99.96 and %T = 0.04. i.e. anti-addition:syn-addition = >99:1

anti addition product
of major enantiomer
(D1En2)

P GRRECEEELEPETEEEE N non-labeled product

/ e AB quartet =a, b, c, d
E H o b+e  TTTTTTmTmTmmmmmmo
Ph H H
Cl Ph D/
5R,65-2b-D Ph N
---------------------- 5R-2b

syn addition product S ;
of major enantiomer

(D2En2)

"""""" f'"""""' d +f

yd a c

H D
> © /L
Ph

Cl oh T N

N 2.05 100.00 3.60 16.49
5R,6R-2b-D

Scheme S4. 'H NMR spectrum of the major enantiomer 5R-2b-D, cyclized under
catalyzed condition.
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V. Effect of other chlorine sources on the face selectivity of chlorenium

attack and/or ring-closure

Dichloramine.T salt is as effective as DCDPH in chlorocyclization of unsaturated amide
1b-D yielding the anti product 5R,6S5-2b-D in 91% yield and 92:8 er. The ratio of each
isomer is shown in Scheme S5 (top). Replacing DCDPH with TCCA, however results in
a significant drop in enantioselectivity apparent from loss of C-5 selectivity (Scheme
S5, bottom). The facial selectivity in chlorenium delivery suffers also, albeit not to the

same extent (82:18).

(1%) < Wﬁmb 6S (99%)
(&)
D__H (DHQD),PHAL (2 mol%) 3
| H DICh.T (1.1 equiv) )>17/Ph )>17/Ph ©
N_ _Ph R
Ph bl TFE,-30°C,1h =
o 91% yield, ee (84%) 5R,6R-2b-D 5R,65-2b-D A
1b-D syn, 1% anti, 91% !
H D D H |
0.0 {_O._ph Ph \7

s._.cl 170

c 556R-2b-D ! 55,65- 2b D ®
anti, 5% ! syn, 3% >

DiCh.T BR (57%) <" 6S (43%)

BR (5%) <t--—----- = BS(95%)
(&)}
D__H (DHQD) ,PHAL (2 mol%) 3
| H TCCA (1.1 equiv) )>17/Ph )>1th =
N Ph X
Ph N TFE,-30°C,1h =
o 88% yield, ee (38%) 5R,6R-2b-D 5R,65-2b-D A
1b-D syn, 3% anti, 66% ;
Cl H D b H }
O N0 Ph Ph ¢
T CACSEE TR gl
cmr e 58,6R-2b D | 5565 2b D B
] anti, 15% ‘ syn, 16% o\'é
TCCA BR(48%) <-- - —-» B6S(52%)

Scheme S5. Change of chlorine source to DichT (top) and TCCA (bottom)

and their effects on ratio of four isomers.
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VI. Absolute stereochemical assignment of C-6 configuration for 2b-D:

cl 1. BHgTHF, THF, 65 °C Hy o _Hp
%”(\OD/Ph 6h, 20% yield RH o
Ph™\_N 2. NaH, THF, 0 °C tort Ph R N
4h, 60% yield 3b O

2b

i 280 ppm  3.10 ppm

H NOESY-1D
Ha b ROESY-2D
Ph TR Ny

3b O

Borohydride reduction of oxazoline 2b followed by sodium hydride mediated cyclization
of the resulting chlorohydrin intermediate returned 1,1-disubstituted epoxy amide 3b.
ROESY and NOESY studies on the corresponding epoxy amide 3b show that H, (2.80
ppm) has a syn orientation with the phenyl group and Hy (3.10 ppm) has an anti
orientation with the phenyl group. After assignment of H, and Hy, the labeled substrate
2b-D as a mixture (synthesized in the presence of the (DHQD).PHAL) was reduced
with BH3. THF, followed by base treatment to yield the desired labeled epoxy amide 3b-
D. '"H NMR analysis of the epoxy amide 3b-D shows only a peak at 3.10 ppm, which
suggests that the deuterium has a cis orientation with respect to the phenyl group.
Based on this finding, the deuterated carbon is assigned as the R configuration in the
corresponding epoxy amide 3b-D. Since the epoxy amide is formed through the Sy2

(DHQD),PHAL (2 mol%) 1. BHyTHF

J/\/H DCDPH (1.1 equiv) THR65°C 310 ppm
Ph

NP TFE, -30 °C, 2h 2. NaH, THE  n'H-NMA
major product isolated (5R) 0°Ctort

cr &ty D H

OH (a;oe cl 6: s O Ph
EN\H/Ph = |pn B = Clg/ |<17/
3b0 ° AN~ P 5R,65-2b-D

0
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opening of the corresponding chlorohydrin intermediate, amide 2b-D (major product) is

assigned the S configuration at C-6.

Vl.a. General Procedure for the synthesis of epoxy alcohols 3b and 3b-D:

(H)D, H c®f
50 (H) (HDAELH
cis 5P HCI, 1,4-dioxane P:U ~OH KoCOg, 1t ‘%H
N NaHCOj, 50 °C hn pn MeOHH0  pp NTPh
5R,65-2b-D 69% 62% X
or 70r7-D o 3b or 3b-D
5R-2b
s H
cl c1¥lp
(@.‘OH (F')IOH
Ph™ ™, or Ph™
HN\H/F’h HN\H/Ph
7 le} 7D o

Oxazoline 2b or 2b-D (127 mg, 0.47 mmol, 1.0 equiv, 93:7 er after chiral
chromatographic separation) was placed in a pre-dried flask. 1,4-Dioxane (10 mL) and
1N hydrochloric acid (10 mL) were added to the flask. The resulting mixture was stirred
for 4 h at 50 °C. After it was cooled to room temperature, the reaction mixture was
neutralized with saturated NaHCOj3; and subsequently extracted six times with EtOAc.
The combined organic layers was dried over Na,SO4 and the solvent was evaporated
under reduced pressure. Column chromatography of the crude isolate gave the product
7 (94 mgq) or 7-D in 69% yield. Analytical data for 7: '"H NMR (500 MHz, CDCls) & 7.63
(d, J=8.0 Hz, 2H), 7.50 (d, J = 7.5 Hz, 2H), 7.46 (t, J = 7.0 Hz, 1H), 7.34-7.35 (m, 4H),
7.30 (t, J = 7.0 Hz, 1H), 6.50 (br s, 1H), 4.11 (dd, J = 14.5 Hz, J = 7.0 Hz, 1H), 3.92 (d,
J=11.5Hz, 1H), 3.85 (d, J = 11.5 Hz, 1H), 3.75 (dd, J = 14.0 Hz, J = 5.5 Hz, 1H); '*C

NMR (125 MHz, CDCl3) & 168.8, 141.0, 133.8, 131.8, 128.6, 128.0, 126.9, 125.5, 76.7,

S29



52.0, 48.0. HRMS (ESI) Calculated Mass for CigHisNO2CI: ([M+H]") = 290.0948,
Found ([M+H]*) = 290.0948. Analytical data for 7-D: '"H NMR (500 MHz, CDCls) & 7.64
(d, J=8.0 Hz, 2H), 7.50 (d, J = 7.0 Hz, 2H), 7.45 (t, J = 7.0 Hz, 1H), 7.35-7.39 (m, 4H),
7.30 (t, J=7.0 Hz, 1H), 6.51 (br s, 1H), 4.12 (dd, J = 14.5 Hz, J = 6.5 Hz, 1H), 3.91 (s,
1H), 3.74 (dd, J=14.0 Hz, J=5.5 Hz, 1H); '*C NMR (125 MHz, CDCls) 5 168.8, 141.0,
133.7, 131.8, 128.5, 128.0, 126.9, 125.5, 76.7, 51.8 (i, J = 23.0 Hz), 48.0. HRMS (ESI)

Calculated Mass for C1gH1sDCINO2: ([M+H]") = 291.1010, Found ([M+H]*) =291.1011.

K>CO3 (7.2 mg, 0.052 mmol, 1.5 equiv) was added to a solution of 3b or 3b-D
(10 mg, 0.035 mmol, 1.0 equiv) in MeOH:H>O (10:1, 1.0 mL) at 0 °C and then
warmed to room temperature. After completion of the reaction, monitored by
TLC, MeOH was removed under reduced pressure. The remaining aqueous
suspension was extracted with EtOAc and H>O. The organics were dried over
Na.SO, and the solvent was removed under reduced pressure. The crude
product was purified with column chromatography to yield 3b (5.5 mg) or 3b-D
in 62% vyield. Analytical data for 3b: '"H NMR (500 MHz, CDClz) & 7.71 (d, J =
7.0 Hz, 2H), 7.48 (t, J = 7.5 Hz, 1H), 7.25-7.44 (m, 7H), 6.29 (br s, 1H), 4.22 (dd,
J=145Hz, J=7.0 Hz, 1H), 4.01 (dd, J=14.5 Hz, J=4.5 Hz, 1H), 3.11 (d, J=
5.0 Hz, 1H), 2.81 (d, J = 5.0 Hz, 1H). HRMS (ESI) Calculated Mass for

Ci6H15NO2: ([M+H]*) = 254.1181, Found ([M+H]*) = 254.1178. Analytical data
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for 3b-D: '"H NMR (500 MHz, CDCls) & 7.75 (d, J = 7.5 Hz, 2H), 7.22-7.56 (m,
8H), 6.39 (br s, 1H), 4.27 (dd, J = 14.5 Hz, J = 7.0 Hz, 1H), 4.06 (dd, J = 14.5
Hz, J=5.0 Hz, 1H), 3.14 (s, 1H). HRMS (ESI) Calculated Mass for C1gH14sDNO.:

(IM+H]") = 255.1244, Found ([M+H]*) = 255.1252.

VIl. General procedure for the synthesis of carbamate substrate 1c:

NHa DM 4G N__o
8h, 89% yield 0
S-5 1c
A solution of di-tert-butyl dicarbonate (0.71 g, 3.14 mmol, 1.1 equiv) in dry DCM (1 mL)
was added under nitrogen at 0 °C to a solution of amine S-5 (0.5 g, 2.85 mmol, 1.0
equiv) and triethylamine (0.87 mL, 6.27 mmol, 2.2 equiv) in dry DCM (2 mL). The
reaction mixture was stirred at room temperature for 24 h. The solvent was removed in
vacuo, and the residue was dissolved with DCM (6 mL) and water (4 mL). The
aqueous layer was extracted with DCM (3 x 5 mL). The combined organic extracts
were washed with water (5 mL), dried with MgSQs., filtered, and concentrated. The
resulting mixture was purified by flash chromatography on silica gel using 10% EtOAc-
hexane to give carbamate 1c (tert-butyl (2-phenylallyl)carbamate) in 89% yield.
Analytical data for 1¢c: 'H NMR (500 MHz, CDCls) & 7.40 (d, J = 7.5 Hz , 2H), 7.30-7.38
(m, 2H), 7.25-7.29 (m, 1H), 5.41 (s, 1H), 5.21 (s, 1H), 4.61 (br s, 1H), 4.17 (d, J =5.0

Hz, 2H), 1.42 (s, 9H); °C NMR (125 MHz, CDCl3) 3 [Casg¥ 4+ 144.8, 138.6, 128.4,
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127.9, 126.1, 112.9, 79.4, 44.3, 28.4. HRMS (ESI) Calculated Mass for C14H19NOx:

([M+Na]*) = 256.1313, Found ([M+Na]") = 256.1322.

VIll. General procedure for the catalytic asymmetric chlorocyclization of

carbamates in n-PrOH:

Benzoic acid, n-PrOH, -30 °C, 3h

JL/H (DHQD),PHAL (1 mol%)
B DCDMH (1.2 equiv)
o 87% yield, -80% ee
1c ent-2c

A screw-capped vial equipped with a stir bar was charged with 1.3 mL of a 0.21 mg/mL
stock solution of (DHQD),PHAL in n-PrOH [0.30 mg (DHQD),PHAL, 1 mol%]. After
cooling to -30 °C in an immersion cooler, DCDMH (9.5 mg, 0.041 mmol, 1.3 equiv) and
benzoic acid (2.3 mg, 0.019 mmol, 0.5 equiv) were added sequentially. After stirring
vigorously for 10 min, the substrate (0.037 mmol, 1.0 equiv) in n-PrOH (0.2 mL, pre-
cooled to reaction temperature) was added in a single portion. The vial was capped
and the stirring was continued at -30 °C until the reaction was complete as judged by
TLC. The reaction was quenched by the addition of 2% aq. NaOH (3 mL) and diluted
with DCM (3 mL). The organics were separated and the aqueous layer was extracted
with DCM (3 x 3 mL). The combined organics were dried over anhydrous Na,SO, and
concentrated in the presence of a small quantity of silica gel. Pure product ent-2¢c (5-
(chloromethyl)-5-phenyloxazolidin-2-one) was isolated by column chromatography on a
short silica gel column using EtOAc-hexane as the eluent (87% yield). The resulting

two enantiomers were separated using a chiral pack AD-H column (10% IPA in
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hexanes; 1.0 mL/min. Analytical data for ent-2¢c: 'H NMR (500 MHz, CDCls) & 7.33-
7.42 (m, 5H), 5.77 (br s, 1H), 4.11 (d, J =9.0 Hz, 1H), 3.84 (d, J = 12.0 Hz, 1H), 3.79
(d, J = 8.5 Hz, 1H), 3.75 (d, J = 12.0 Hz, 1H); *C NMR (125 MHz, CDCls) & 158.1,
139.8, 128.9, 128.8, 124.7, 83.8, 50.7, 49.4. HRMS (ESI) Calculated Mass for

C1oH10CINO, :([M+H]*) = 212.0478, Found ([M+H]") = 212.0479.

IX. General procedure for the catalytic asymmetric chlorocyclization of

carbamates in CHCI;-Hexane:

JVH (DHQD),PHAL (20 mol%)
DCDMH (1.2 equw
ph~ N OB 5 Ph /1
o CHCI3-Hexane (1:1), 0 °C, 3h

; 83% yield, +82% ee
c

(DHQD),PHAL (6 mg, 20 mol%) was introduced to a suspension of DCDMH (9.5 mg,
0.041 mmol, 1.3 equiv) in CHCl;-hexane (1:1 mixture, 1.3 mL) in a screw-capped vial
equipped with a stir bar. The resulting suspension was cooled to 0 °C in an immersion
cooler. After stirring vigorously for 10 min, the substrate (0.037 mmol, 1.0 equiv) in
CHCI;-hexane (1:1 mixture, 0.2 mL, pre-cooled to reaction temperature) was added in
a single portion. The vial was capped and the stirring was continued at 0 °C until the
reaction was complete (TLC). The reaction was quenched by the addition of 2% aq.
NaOH (3 mL) and diluted with DCM (8 mL). The organics were separated and the
aqueous layer was extracted with DCM (3 x 3 mL). The combined organics were dried

over anhydrous Na,SO, and concentrated in the presence of a small quantity of silica

gel. Pure products were isolated by column chromatography on a short silica gel
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column using EtOAc-hexane (20-50%) as the eluent. Analytical data is similar to the

part VIII.

X. Procedure for the synthesis of labeled carbamate substrate 1c-D:

0]
Potassium Phthalimide NaBPh,, D,O
DMF, 80 °C HOAc, Pd(Cl)>(PPh3),
/ Br N
8h, 61% yield Y \\ 52 °C, 12h, 53% vyield

1. NHoNH,.H,0

D_ _H
D_ HQ MeOH, rt. 12h b |H EtgN, (Boc),0, DCM T
| L N._ _OBu
on L N 2. HCl (conc)  ph NH2 i 24n, 50%yield  Ph 3
o then KOH (@]
5 89% yield 6

! 86:14 E:Z '
i 93% D-incorporation !

Synthesis of compound 6 was shown previously. Boc-protection of the primary amine 6
to provide 1c-D was carried out similar to the procedure for synthesis of non-labeled
carbamate 1c. The desired compound 1c-D was synthesized in 50% yield with 86:14
E:Z ratio and 93% deuterium incorporation. Analytical data for 1¢-D: 'H NMR (500
MHz, CDCl3) & 7.40 (d, J = 7.0 Hz, 2H), 7.25-7.34 (m, 3H), 5.2 (t, J = 1.5 Hz, 1H), 4.61
(br s, 1H), 4.17 (d, J = 5.0 Hz, 2H), 1.42 (s, 9H); '"H NMR (500 MHz, CsDs) d 7.30 (d, J
= 7.0 Hz, 2H), 7.01-7.20 (m, 3H), 5.00 (s, 1H), 4.18 (br s, 1H), 4.07 (d, J = 5.5 Hz, 2H),
1.46 (s, 9H); *C NMR (125 MHz, CDCls) & 155.7, 144.9, 138.7, 128.5, 127.9, 126.1,
112.9 (t, J = 25.0 Hz), 79.4, 44 .4, 28.4. HRMS (ESI) Calculated Mass for C14H1sDNO::

(IM+Na]*) = 257.1376, Found ([M+Na]*) = 257.1380.
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XI. Procedure for the racemic chlorocyclization of labeled unsaturated carbamate

1c-D:

DCDMH (1.2 equiv)
n-PrOH, rt \
syn: anti

D__H

dr(3:97) D H
on R omu ol O\fo
\g Ph™\_NH
2¢c-D
1e-D DCDMH (12 equv) /"
CHClz-hexane (1:1), rt
syn: anti
dr (16 : 84)

Substrate 1¢-D (15 mg, 0.064 mmol, 1.0 equiv) was added to a solution of DCDMH (15
mg, 0.072 mmol, 1.2 equiv) in CHCIz:Hexane (1:1) (2.5 mL) or n-PrOH (2.5 mL) in a
screw-capped vial equipped with a stir bar. After stirring vigorously for 12 h, the
reaction was quenched by the addition of 2% ag. NaOH (3 mL) and diluted with DCM
(3 mL). The organics were separated and the aqueous layer was extracted with DCM
(3 x 3 mL). The combined organics were dried over Na,SO. and the solvent was
removed under reduced pressure. Pure products were isolated by column
chromatography on silica gel using EtOAc-Hexanes as the eluent to give the desired
product 2c-D as a mixture of two diastereomers (97:3 dr) and (84:16) for reactions
carried out in n-PrOH and CHCls/Hexane, respectively (as analyzed by '"H NMR). The
resulting two enantiomers were separated using a chiral pack AD-H column (10% IPA
in hexanes; 1.0 mL/min. Analytical data for 2¢-D: 'H NMR (500 MHz, CDCls) d 7.35-
7.43 (m, 5H), 5.29 (br s, 1H), 4.11 (dd, J = 8.5 Hz, J = 1.0 Hz, 1H), 3.83 (s, 1H), 3.79

(d, J = 8.0 Hz, 1H); ®*C NMR (125 MHz, CDCls) 3 157.8, 139.8, 128.93, 128.90, 124.7,
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83.7, 50.4 (t, J = 22.0 Hz), 49.3. HRMS (ESI) Calculated Mass for C1oHgDNO.CI:

(IM+H]") = 213.0541, Found ([M+H]*) = 213.0541.

Xll. Procedure for the catalytic asymmetric chlorocyclization of labeled

unsaturated carbamate 1¢-D:

(DHQD),PHAL (1 mol%)

D H
DCDMH (1.2 equiv) O_o
ClIZ > l\\l/j

benzoic acid (0.5 equiv)
D H n-PrOH, -30 °C, 20 min

LH 87% yield, 80% ee ent-2c-D
N__OB
Ph u

(DHQD),PHAL (20 mol%) D H
DCDMH (1.2 equiv) (0]
i 3 ~ C Ph 7
CHCl3-hexane (1:1) NH
0°C, 1h
83% yield, 82% ee 2¢-D

Procedure for the synthesis of carbamates 2c-D and ent-2¢c-D is identical to the one

reported for the non-labeled 2¢ and ent-2¢ (Section XI).

XIlil. (DHQD),PHAL catalyzed chlorocyclization of 1c-D monitored by '"H NMR and
HPLC:

To investigate the face selectivity of the chlorenium delivery, the labeled substrate 1c-
D was cyclized under both optimized catalytic conditions (i.e. cyclization in n-PrOH and
in CHCls/Hexane) (see manuscript for details). Analysis of product ratios was
accomplished using chiral HPLC and 'H NMR spectroscopy (after the correction for
considering the E:Z ratios) similar to that explained for amide substrate 1b-D and

previously reported alkenoic acid 1a-D.%*
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XIV. Absolute stereochemical assignment at the deuterated center of substrate

2c-D and ent-2¢-D:

cl o 1. NaH, THF/DMF, TsCl Ha b
S) \?o 0 °C tort, 12h, 93% yield EH
g

NH 2. Cs,COq MeOH, it ~Ph 3.
ent-2¢ 48h, 86% yleld ent-3c

2.75 ppm  3.20 ppm
Ha Hp ROESY-2D

O/H
Phg;V/N‘ -0
1

Tosyl protection of oxazolidinone ent-2¢c followed by cesium carbonate mediated ring

'
’

opening of the resulting chlorohydrin intermediate returned 1,1-disubstituted epoxy
sulfonamide ent-3c. ROESY study on the corresponding epoxy amide ent-3¢ show that
Ha (2.75 ppm) has a syn orientation with the phenyl group and Hy, (3.20 ppm) has an
anti orientation with the phenyl group. After assignment of Hy and H,, the labeled
substrate ent-2c-D as a mixture (synthesized in the presence of the (DHQD).PHAL)
was protected with tosyl chloride and sodium hydride, followed by cesium carbonate
treatment to yield the desired labeled epoxy sulfonamide ent-3¢-D. '"H NMR analysis of
the epoxy sulfonamide ent-3¢c-D shows only a peak at 2.75 ppm, which suggests that
the deuterium has an anti orientation with respect to the phenyl group. Based on this
finding, the deuterated carbon is assigned the R configuration for the corresponding
epoxy sulfonamide ent-3c-D (see Figure S2b). Since the epoxide is formed through the
Sn2 ring opening of the corresponding chlorohydrin intermediate, substrate ent-3c-D
(major product) is assigned as the S configuration on the labeled C6 center. Similar

procedure was applied to substrate 2¢-D to afford epoxide 3c-D (Figure S2c).
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D H (DHQD),PHAL (1 mol%) 1. NaH, THF/DMF

LH DCDMH (1.2 equiv) TsClL0°Ctort  2.75 ppm
N_ OB > > 01 H-
Ph \[( u benzoic acid (0.5 equiv) 2. Cs,COgz MeOH it H-NMR
o n-PrOH, -30 °C 0°Ctort
1c-D major product isolated (5S)
H (A D ca®H,

D H

7, e} Q 5 (0]
(s;@H ©)J 0 Cl)e\& 0

= N.5:0 — |pn /©/ — “'pn> ,\?:
ent-3c-D © \©\ ™ 8 5565-2¢D

00

XV. General procedure for synthesis of labeled epoxy sulfonamides ent-3c and

ent-3c-D:
D)H_H H._H(D
D H ( Cs,C05, MeOH (D)
O_o Na& ToME m%&oyo 0°Clon E“
Clo > F - _TCho*Ctort | ey N Ph >520
NH Ts (@)
2c or 2¢c-D 8or8-D ent-3c or ent-3c-D
3c or 3c-D

Figure S1. The X-ray structure of 55-8.*

To a stirred suspension of NaH (60% wt., 12 mg, 0.28 mmol, 2.0 equiv) in a
mixture of THF (0.8 mL) and DMF (0.5 mL) at 0 °C were added successively substrate
ent-2¢c-D or ent-3c (30 mg, 0.14 mmol, 1.0 equiv) in THF (1.0 mL) and p-TsCI (35.2
mg, 0.18 mmol, 1.3 equiv). Stirring was continued for 18 h at room temperature, at
which time the reaction was quenched by the addition of a saturated solution of NH,ClI
(2.0 mL) at -78 °C with vigorous stirring. The mixture was extracted with Et,O, and the

extract was washed successively with HCI (3 mL), NaHCO3; (3 mL), H2O (3 mL). The
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combined organics were dried over MgSO, and the solvent was removed under
reduced pressure. Purification by column chromatography on silica gel afforded the N-
tosyl oxazolidinone (5-(chloromethyl)-5-phenyl-3-tosyloxazolidin-2-one) 8 in 93% yield.
Analytical data for 8: 'H NMR (500 MHz, CDCls) & 7.90 (d, J = 8.0 Hz, 2H), 7.34-7.41
(m, 3H), 7.29-7.33 (m, 4H), 4.52 (d, J = 9.5 Hz, 1H), 4.22 (d, J = 9.5 Hz, 1H), 3.72 (dd,
J=17.5Hz, J=12.5 Hz, 2H), 2.42 (s, 3H); *C NMR (125 MHz, CDCls) & 150.3, 145.8,
138.1, 133.9, 129.8, 129.4, 129.1, 128.2, 124.4, 81.3, 52.8, 50.6, 21.7. HRMS (ESI)
Calculated Mass for C17H16NO4SCI: ([M+H]") = 366.0567, Found ([M+H]") = 366.0559.
Absolute configuration of 55-8 (CCDC 1416555 is the corresponding Cambridge
Structural Database deposition number) was determined by single crystal X-ray
diffraction (XRD).*

Two diastereomers could be obtained from the deuterated substrate depending
on the reaction condition. Analytical data for deuterated 5R,6S-8-D (diastereomer B
obtained from chlorocyclization in CHCls-Hex): '"H NMR (500 MHz, CDCls) & 7.91 (d, J
= 8.5 Hz, 2H), 7.36-7.41 (m, 3H), 7.29-7.33 (m, 4H), 4.51 (d, J = 9.5 Hz, 1H), 4.22 (d, J
= 9.0 Hz, 1H), 3.73 (s, 1H), 2.43 (s, 3H). HRMS (ESI) Calculated Mass for
C17H15sDCINO,S: ([M+H]") = 367.0630, Found ([M+H]") = 367.0626.

Analytical data for deuterated 5S,6S-8-D (diastereomer A obtained from
chlorocyclization in n-PrOH): '"H NMR (500 MHz, CDCls) & 7.90 (d, J = 8.5 Hz, 2H),
7.35-7.41 (m, 3H), 7.29-7.33 (m, 4H), 4.51 (d, J = 9.0 Hz, 1H), 4.21 (d, J = 9.5 Hz, 1H),
3.69 (s, 1H), 2.42 (s, 3H); '°C NMR (125 MHz, CDCl;) 8 150.3, 145.9, 138.1, 134.0,

129.9, 129.4, 129.2, 128.3, 124.5, 81.2, 52.8, 50.4 (t, J = 23.0 Hz), 21.7. HRMS (ESI)
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Calculated Mass for C47HisDCINO4S: ([M+H]*) = 367.0630, Found ([M+H]") =

367.0626.

H_s_H(D)

A OV

A catalytic amount of cesium carbonate (2 mg, 0.03 g.mmol™) was added to a solution
of N-tosyl oxazolidinone 8 or 8-D (20 mg, 0.55 mmol) in methanol (1mL). The reaction
was stirred at room temperature for 12 h and was then concentrated in vacuum. The
residue was purified by chromatography on a silica-gel column using a mixture of
hexanes and ethyl acetate as the eluent to give the product in 86% vyield (87%
conversion). Analytical data for ent-3c: 'H NMR (500 MHz, CDCls) d 7.68 (d, J = 8.5
Hz, 2H), 7.25-7.33 (m, 7H), 4.51 (t, J = 4.0 Hz, 1H), 3.58 (dd, J = 8.5 Hz, J = 13.5 Hz,
1H), 3.46 (dd, J = 4.5 Hz, J = 13.5 Hz, 1H), 3.20 (d, J = 5.0 Hz, 1H), 2.74 (d, J = 5.0
Hz, 1H), 2.40 (s, 3H); *C NMR (125 MHz, CDCl;) & 143.7, 137.0, 136.6, 129.8, 128.6,
128.3, 127.0, 125.7, 58.6, 53.0, 45.6, 21.5. HRMS (ESI) Calculated Mass for
C16H17NOsS: ([M+H]*) = 304.1007, Found ([M+H]*) = 304.1003.

Analytical data for 2S,3R-ent-3c-D (diastereomer A obtained from chlorocyclization in
n-PrOH): '"H NMR (500 MHz, CDCls) 5 7.68 (d, J = 8.0 Hz, 2H), 7.25-7.33 (m, 7H), 4.51
(dd, J = 4.5 Hz, J = 8.0 Hz, 1H), 3.59 (dd, J = 8.5 Hz, J = 13.5 Hz, 1H), 3.46 (dd, J =
4.0 Hz, J = 13.5 Hz, 1H), 2.74 (s, 1H), 2.40 (s, 3H); *C NMR (125 MHz, CDCl3) &
143.6, 137.0, 136.5, 129.7, 128.6, 128.3, 127.0, 125.7, 58.5, 52.7 (t, J = 26.8 Hz), 45.6,
21.5. HRMS (ESI) Calculated Mass for C1H1sDNO3S: ([M+Na]*) = 327.0890, Found

(IM+Na]*) = 327.0886.
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Analytical data for 2R,3R-ent-3c-D (diastereomer B obtained from chlorocyclization in
CHCls:Hex): "H NMR (500 MHz, CDCls) 3 7.69 (d, J = 8.5 Hz, 2H), 7.25-7.32 (m, 7H),
4.51 (t, J= 4.0 Hz, 1H), 3.59 (dd, J = 8.0 Hz, J = 13.5 Hz, 1H), 3.46 (dd, J= 4.5 Hz, J =
13.5 Hz, 1H), 3.19 (s, 1H), 2.40 (s, 3H); *C NMR (125 MHz, CDCls) & 143.6, 137.0,
136.6, 129.8, 128.6, 128.3, 127.0, 125.7, 58.5, 52.7 (t, J = 28.0 Hz), 45.7, 21.5. HRMS
(ESI) Calculated Mass for C1¢H1sDNO3S: ([M+Na]*) = 327.0890, Found ([M+Na]") =

327.0886.

3.20 2.75

H__H Cl
a Ph -0 Ph W ’\\jﬁ

S
3.6 3.4 3.2 3.0 2.8 ent-3¢ ent-2c

1.05 1.09
1.03 1.02
H@.D ., - D
(SJ'/‘\VON o < azey %0
Ph ST Ph*®
J'Jt o | NH
b : : : : : ent-3¢-D Z 55,65-2¢-D
ppm 3.6 3.4 3.2 3.0 2.8 syn cyclization
g in n-PrOH
1.25 0.202
—_— ! —
1.27 0.0834 0.771
D@ H D H
(”JKQOH < a0
Ph 530 Cen T
o} @\ NH
¢ - . ; ; : 3¢c-D 5R,6S-2¢c-D
ppm 3.6 34 3.2 3.0 2.8 R
1.26 0.921 anti cyclization
1.22 0.286 in CHClz:Hex

Figure S2. Summary of stereochemical assignments coupled with the NMR spectra of the
epoxides.
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XVI. E/Zratios of recovered labeled starting materials

To ensure that various syn:anti addition ratios seen as a function of starting material
and reaction conditions are independent of cis-trans isomerization of the starting olefin
during the course of the reaction (for example, reversibility of a putative cationic
species that could stereo-randomize the starting olefin, see Scheme 3 in the main text)
a detailed analysis of the starting material geometry at various reaction conversions for
each reaction was performed. The data in Table S2 clearly shows that the
stereochemical integrity of the starting material for labeled substrates 1b-D and 1¢c-D

recovered during the course of Reactions B, C, and C’do not change.
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Table S3. E/Z ratios of recovered labeled starting materials at various conversions.

Reaction C'
R =0-1Bu
(DHQD),PHAL

n-PrOH, -30 °C 55,65-2¢-D

H DCDMH /{
| H Cl h o/&
N_. _R PhCO,H P 0
Ph e

o | WDAISE | eles
Beopi T e
-80°C H OTPh CHCl3-Hexane CI/;&/NH
Cl/g/\/N (1:1),0°C 5R,6S-2¢-D
5R,65-2b-D
Entry 2;23;2;?5] Conv."! Elfrrig?n()}cl]) D

1 1b-D, B 0% 90:10

2 1b-D, B 28% 90:10

3 1b-D, B 30% 90:10

4 1b-D, B 31% 90:10

5 1b-D, B 49% 90:10

6 1b-D, B 59% 89 : 11

7 1b-D, B 76% 90:10

8 ic-D, C 0% 92:8

9 ic-D, C 42% 90:10

10 ic-D, C 56% 89 : 11

11 ic-D, C 68% 90:10

12 ic-D, C 80% 91:9

13 1c-D, C’ 0% 92:8

14 1c-D, C’ 8% 92:8

15 1c-D, C’ 17% 92:8

16 1c-D, C’ 26% 91:9

17 1c-D, C’ 60% 91:9

#1.1 equiv chlorine source was added; 2, 20, and 1 mol% catalyst
loadings were used in reactions B, C, and C’, respectively;
°Conversion% of 2b-D was measured by 'H NMR analysis of the
crude reaction; °E/Z isomeric ratios of the recovered starting
material were measured by 'H NMR analysis.
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XVII. Summaries of computational modeling
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XVIIl. Summaries of computational modeling (b)

(DHQD).Phal-catalyzed reaction
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